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Highly precise data on the magnetic dipole strength distributions from the Darmstadt electron 
linear accelerator for the nuclei """Ti, ^^Cr and ^*Fe are dominated by isovector Gamow- Teller-like 
contributions and can therefore be translated into inelastic total and differential neutral-current 
neutrino-nucleus cross sections at supernova neutrino energies. The results agree well with large- 
scale shell-model calculations, validating this model. 
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Knowledge about inelastic neutrino-nucleus scattering 
plays an important role in many astrophysical applica- 
tions, including r-process nucleosynthesis, the synthe- 
sis of certain elements like ^^dig ^nd ^^F during a su- 
pernova explosion by the i/-process or for the detection 
of supernova neutrinos (e.g. see 0). Although inelas- 
tic neutrino-nucleus scattering is not yet considered in 
supernova simulations, several model studies have indi- 
cated that it might be relevant to several aspects of su- 
pernova physics i) for the neutrino opacities and ther- 
malization during the collapse phase, ii) for the re- 
vival of the stalled shock in the delayed explosion mech- 
anism 0, and in) for explosive nucleosynthesis 0- 
To predict the outcome of supernova simulations with 
confidence a better handle on neutrino-nucleus interac- 
tions is called for M, in particular on nuclei in the iron 
mass range A ^ 56 [5|- While charged-current neutrino- 
nucleus reactions - the inverse of electron and positron 
captures - are included in supernova simulations in- 
elastic neutrino- nucleus scattering is not. Unfortunately 
no data for inelastic neutrino-nucleus scattering is cur- 
rently available (except for the ground state transition 
to the T = 1 state at 15.11 MeV excitation energy in 
^^C To measure some relevant neutrino- nucleus 

cross sections (mainly in the iron mass range) a dedicated 
detector at the Oak Ridge spallation neutron source has 
been proposed IJ- To sharpen the experimental pro- 
gram at this facility and to improve supernova simula- 
tions, inelastic neutrino- nucleus cross sections should be 
incorporated into the supernova models. It appears as 
if the needed inelastic neutrino cross sections for iron- 
region nuclei have to be evaluated by theoretical models 
without constraint by data. This manuscript will demon- 
strate that this is in fact not the case. Our aim is to show 
that precision data on the magnetic dipole {M 1) strength 
distributions, obtained by inelastic electron scattering, 
supply to a large extent the required information about 
the nuclear Gamow- Teller (GT) distribution which de- 
termines the inelastic neutrino-nucleus cross sections for 



supernova neutrino energies. This intimate relation of 
Ml and GT strength has already been exploited before 
to estimate neutrino cross sections for either individual 
transitions (e.g. in -^^C 00|) or total cross sections (e.g. 
in 208pb Ullial)- We will add to this by demonstrating 
that large-scale shell-model calculations agree quite well 
with the precision Ml data, thus validating the use of 
such models to determine the required cross sections for 
nuclei where no data exist, or at the finite-temperature 
conditions in a supernova. 

The Ml response is one of the fundamental low-energy 
excitations of the nucleus. It can be well explored by 
means of inelastic electron scattering. Such transitions 
are mediated by the operator 
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where I and s are the orbital and spin angular momen- 
tum operators, and the sum runs over all nucleons. The 
orbital and spin gyromagnetic factors are given hy gi — 1, 
gs = 5.586 for protons and gi — 0, gs — —3.826 for neu- 
trons |l3j : /LtAT is the nuclear magneton. Using isospin 
quantum numbers ±1/2 for protons and neutrons, re- 
spectively, and to — To/2; Eq. |^ can be rewritten in 
isovector and isoscalar parts. Due to a strong cancella- 
tion of the factors in the isoscalar part, the isovector 
part dominates. The respective isovector Ml operator is 
given by 

0(Afl)w = J^Y.^mtoik) + (5? - g:)sik)toik)]^lM■ 

k 

(2) 

We note that the spin part of the isovector Ml operator 
is the zero component of the GT operator, 

0{GTo) = '^(fc)*o(fc) = E 2^(^)*o(fc), (3) 



however, enhanced by the factor ^3/47r(5f — g")^Ar/2 = 
2.2993/iAr. On the other hand, inelastic neutrino-nucleus 
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scattering at low energies, where finite momentum trans- 
fer corrections can be neglected, is dominated by allowed 
transitions. The cross section for a transition from an 
initial nuclear state (i) to a final state (/) is given by ^3 



^f9a 
7r(2J, + 1) 



{E,~^n{f\\ya{k)t{k)M 



k 



(4) 

where G f and are the Fermi and axialvector coupling 
constants, respectively, is the energy of the scattered 
neutrino and uj is the difference between final and ini- 
tial nuclear energies. Note that for ground state tran- 
sitions Ex — UJ. The nuclear dependence is contained 
in the i?(GTo) = siK/ll Efe '^W*(fc)IN)lV(2J. + 1) re- 
duced transition probability between the initial and final 
nuclear states. 

Thus, experimental Ml data yield the desired GTq in- 
formation, required to determine inelastic neutrino scat- 
tering on nuclei at supernova energies, to the extent that 
the isoscalar and orbital pieces present in the Ml op- 
erator can be neglected. On general grounds one ex- 
pects that the isovector component dominates over the 
isoscalar piece. Furthermore, it is well known that the 
major strength of the orbital and spin Ml responses 
are energetically well separated in the nucleus. In pf- 
shell nuclei, which are of interest for supernova neutrino- 
nucleus scattering, the orbital st reng th is located at ex- 
citation energies E^ — 2-4 MeV while the spin Ml 
strength is concentrated between 7 and 11 MeV. A sepa- 
ration of spin and orbital pieces is further facilitated by 
the fact that the orbital part is strongly related to nu- 
clear deformation For example, the scissors mode 
[l^ . which is the collective orbital Ml excitation, has 
been detected in well-deformed nuclei like ^^Fe JlT^. Thus 
one can expect that in spherical nuclei the orbital Ml re- 
sponse is not only energetically well separated from the 
spin part, but also strongly suppressed. 

Examples of spherical p/-shell nuclei are ^°Ti, ^^Cr 
and ^''Fe. As these nuclei have also the advantage that 
precise Ml response data exist from high-resolution in- 
elastic electron scattering experiments [l^ we have cho- 
sen these 3 nuclei for our further investigation. Our strat- 
egy now is to show, in a detailed comparison of data 
and shell model calculations, that the Ml data indeed 
represent the desired GTq information in a sufhcient ap- 
proximation to transform them into total and differential 
neutrino-nucleus cross sections. All the total strengths 
and the strength functions of ^°Ti have been computed 
using the code NATHAN and the KB3G residual 
interaction [i^ in the complete pf model space (orbits 
/7/2,P3/2,Pi/2, and /5/2). For ^^Cr and ^'^Fe the strength 
functions are computed in truncated model spaces, allow- 
ing up to 6 and 5 protons and neutrons to be promoted 
from the lowest /7/2 orbital into the other p/-shell or- 
bitals, respectively. The Ml and GTq response func- 
tions are calculated with 400 Lanczos iterations for both 



isospin channels. As customary in shell-model calcula- 
tions, the spin operator is replaced by an effective oper- 
ator Scff = 0.75s, where the constant is universal for all 
p/-shell nuclei [21|. 
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FIG. 1: Comparison of experimental Ml strength distribu- 
tion [B{Ml) = |(/||0(Ml)||i>|V(2Ji + 1)1 in ^^Cr (bottom) 
with the shell-model result (top). The inset shows the decom- 
position into spin (botton) and orbital (top) parts. Note the 
different scales of the ordinate for the spin and orbital pieces, 
respectively. 

Experimentally Ml data have been determined for the 
energy intervals 8.5-11.6 MeV in 5°Ti (resolving the Ml 
strength for 29 individual states), while for the other two 
nuclei Ml data exist for the energy interval 7.0-11.8 MeV 
resolving 53 states for ^^Cr and 33 states for ^^Fe. The 
summed experimental _B(M1) strength (in ^^) in these 
intervals is 4.5(5) for ^^Ti, 8.1(5) for ^^Cr and 6.6(4) for 
^^Fe, which for ^"Ti and ^^Cr, is in agreement with the 
shell model (4.3 and 7.6, respectively, in the same inter- 
vals). For ^^Fe the shell model strength is slightly larger 
(8.6) than the data, which is also true, if another inter- 
action (GXPFl [23) is used (8.4). The total shell model 
B{M1) strengths of 7.2 for ^OTi, 8.7 for ^"^Ci and 10.2 for 
^^Fe indicate some additional strength outside of the ex- 
perimental energy window. For a comparison of the Ml 
strength distributions a problem arises due to uncertain- 
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ties of the distinction between Ml and M2 transitions in 
some of the (e, e') data. Therefore, aU possible Ml candi- 
dates are modified by the weighing factors introduced in 
(lif to express the level of confidence of the assignment. 
The experimental sensitivity limit B{M1) ~ 0.04//^ is 
also taken into account for comparison with the model 
results. It should be noted that, where data are avail- 
able 1^ good agreement with nuclear resonance flu- 
orescence experiments is observed for the prominent Ml 
transitions. This is also the case for other p/-shell nuclei 
[i^li^. For all nuclei, the energy dependence of the ob- 
served Ml strength distribution is well reproduced. This 
is shown in Fig. ^ for the example of ^^Cr. 

To determine how well the Ml data might reflect the 
desired GTq information we have performed shell-model 
calculations for the individual orbital and spin parts of 
the All operator as well as calculations for the GTq oper- 
ator, which, except for a constant factor, represents the 
isovector spin contribution to the Ml operator. The re- 
sults are displayed in Fig. ^ As expected for spherical 
nuclei, the orbital Ml strength is significantly smaller, by 
about an order of magnitude, than the spin Ml strength. 
The interference between the orbital and spin parts is 
state-dependent and is largely cancelled out, when the 
strength is averaged over several states. A similar situ- 
ation occurs for the isoscalar spin contribution, but now 
its contribution to the total strength is even smaller. 
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FIG. 2: Neutrino- nucleus cross sections, calculated from the 
Ml data (solid lines) and the shell-model GTo distributions 
(dotted) for ^°Ti (multiplied by 0.1), ^^Cr, and ^^Fe (times 
10). The long-dashed lines show the cross sections from the 
Ml data, corrected for possible strength outside the experi- 
mental energy window. 

Supernova simulations require differential neutrino- 
nucleus cross sections as functions of initial and final 
neutrino energies, where neutrinos of different flavors 
are comprised in energy bins of a few MeV H^, [13 , 
i.e., cross sections are averaged over many final nuclear 
states. Cancelling most of the interference between or- 
bital and spin contributions, the Ml data should repre- 



sent the desired GTq information, simply using the rela- 
tion i?(Ml) = 3(gP -5nVw/(165i7r)i?(GTo). FigureH 
compares the total neutrino-nucleus cross sections for the 
3 nuclei, calculated from the experimental Ml data with 
those obtained from the shell-model GTq distribution. As 
some of the Ml strength is predicted to reside outside 
of the currently explored experimental energy window, 
we have corrected for this by multiplying the "Afl cross 
section" with the ratio B(GTq) / B{GTq, AE), where AE 
defines the experimental energy interval and the ratio 
is taken from the shell-model calculations. Based on the 
above theoretical discussion one can assume that the (en- 
ergetically complete) "Ml cross section" represents the 
neutrino-nucleus cross sections quite well. 
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FIG. 3: Differential inelastic neutrino cross sections for ^^Cr 
and initial neutrino energies Ei, = 15 MeV and 25 MeV. The 
solid histograms are obtained from the Ml data, the dashed 
from shell-model calculations. The final neutrino energies are 
given by Ef — E,j — u. 

Figure |21 shows the differential neutrino cross section 
for ^^Cr at two representative supernova neutrino ener- 
gies. The cross sections, obtained from the experimental 
Ml data and the shell model, agree quite well, if binned 
in energy intervals of a resolution (1 MeV or somewhat 
larger) as required in supernova simulations. 

The comparison of Ml and theoretical cross sections 
suggests that shell-model based calculations of inelas- 
tic neutrino scattering at supernova relevant energies are 
quite accurate and hence the shell model is the method of 
choice to determine the cross section for the many nuclei 
in the iron mass region needed in core-collapse simula- 
tions. However, such cross sections require additional 
considerations so far neglected. These must include the 
effects of finite momentum transfer, of the finite tempera- 
ture in the supernova environment and the contributions 
of additional (forbidden) multipoles to the cross section. 
The latter become only relevant for neutrino energies 
which are sufficiently larger than the ccntroid energy of 
the respective giant resonance of this multipole. At such 
neutrino energies the cross section depends only on the 
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FIG. 4: Inelastic neutrino scattering cross section on Cr, 
calculated on the basis of shell-model GTo distributions at fi- 
nite temperatures. The dotted curve represents the RPA con- 
tributions of other multipoles to the cross sections, including 
finite-momentum transfer corrections. 

total strength of the multipole and its approximate cen- 
troid energy (and not on a detailed reproduction of the 
strength distribution) and is well described within the 
Random Phase Approximation (RPA) [s^l • We have cal- 
culated the RPA contribution to the cross section arising 
from multipoles other than GTb, using the formalism of 
|3fll Isij l which explicitly considers the finite-momentum 
dependence of the multipole operators. For the GTq com- 
ponent the finite momentum transfer corrections can be 
considered as described in |35|. Following the approach 
of |33l | we have derived the finite-temperature corrections 
to the cross sections from the shell model GTq transitions 
between a few hundred excited states and the 6 lowest 
nuclear states. The ^^Cr cross sections are presented in 
Fig. ^ Due to the thermal population of excited ini- 
tial states the neutrino cross sections are significantly 
enhanced at low energies during the early collapse phase 
(_Ey ^10 MeV). Once the neutrino energy is large enough 
to allow scattering to the centroid of the GTq strength, 
which resides at energies around 8-11 MeV, finite tem- 
perature effects become unimportant and the neutrino 
cross section can be derived effectively from the ground 
state distribution, as discussed in [33| . and thus is di- 
rectly constrained by the Ml data. This applies to the 
neutrino energy regime relevant to post-shock supernova 
simulations. Contributions from multipoles other than 
the GTq become important for > 20 MeV and domi- 
nate for energies higher than 35 MeV. 

In summary, we have translated the high-precise (e, e') 
Ml data for 5°Ti,^=^Cr, and ^-^Fe, into detailed total 
and differential inelastic neutral-current neutrino-nucleus 
cross sections. Besides representing for the first time de- 
tailed neutral-current cross sections for nuclei, such data 
are in particular important for supernova simulations as 
they allow to constraint theoretical models needed to 



derive the inelastic neutrino-induced cross sections for 
the many nuclei in the medium-mass range present in a 
supernova environment. We have further demonstrated 
that large-scale shell model calculations are able to de- 
scribe the data, even in details. Following this validation, 
shell model calculations for inelastic neutrino cross sec- 
tions on supernova-relevant nuclei are now in progress. 
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